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The present invention relates to an apparatus for determining
torque in a shaft, the apparatus comprising an elongate mem-
ber with a weakened region partway along its length, and
means for securing the member to the shaft either side of the
weakened region, preferably adjacent each end of the elon-
gate member. The invention extends to a method of localising
the twist a shaft undergoes, comprising securing an elongate
member to a shaft, wherein the elongate member comprises a
weakened region partway along its length.
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DETERMINING TORQUE IN A SHAFT

RELATED APPLICATIONS

This application is a National Phase of PCT Patent Appli-
cation No. PCT/GB2012/051963 having International filing
date of Feb. 10, 2012, which claims the benefit of priority of
GB Patent Application No. 1113807.0 filed on Aug. 10,2011.
The contents of the above applications are all incorporated by
reference as if fully set forth herein in their entirety.

FIELD OF THE INVENTION

The present invention relates to an apparatus for determin-
ing torque in a shaft. In particular the invention relates to an
apparatus that determines the torque in a shaft by measuring
an angle of twist, or a strain. The invention also relates to a
method of localising the twist a shaft undergoes.

SUMMARY OF INVENTION

In broad terms, an apparatus for determining torque in a
shaft, in particular a relatively large, stiff shaft, mechanically
amplifies the strain by concentrating the twist over a short
distance. A large proportion of the strain is collected and
concentrated in a short region. Amplifying the strain enables
improvement of the signal to noise ratio for shaft torque
measurements. Improvement of the signal to noise ratio
means that torque levels can be measured to much greater
accuracies —for example down to 0.25% where conventional
systems would struggle to achieve even 5%.

According to an aspect of the present invention there is
provided an apparatus for determining torque in a shaft, the
apparatus comprising: an elongate member with a weakened
region partway along its length; and means for securing the
member to the shaft either side of the weakened region, pref-
erably adjacent each end of the elongate member.

By adding a coupling over the shaft in the form of an
elongate member that has a weakened region partway along
its length, the twist over the coupling length can be concen-
trated over the weakened region. By securing the ends of the
elongate member to the shaft, the twist of the shaft between
the two ends is transmitted to the elongate member. The
weakened region undergoes a greater twist than the remaining
elongate member, hence concentrating the twist in a shorter
region. Localising the twist generates a larger strain which
can be used to produce a larger measurement signal. Mea-
surements are subject to measurement inaccuracy such as
noise, and by measuring a comparatively larger signal, the
signal to noise ratio is increased, thus decreasing the effect of
this noise, yielding more accurate results. The longer the
member is, the larger the strain collected may be, and hence
the more accurate the measurement may be.

Preferably, the means for securing the member comprises a
pair of collars for clamping to a shaft, preferably wherein the
elongate member is connected at each end to a respective
collar. By providing a collar or other relatively short annular
securing means, an end of the apparatus can be clamped to the
shaft on a relatively short region of the shaft. Thus the stiff-
ness of the shaft with the apparatus attached is not signifi-
cantly affected by the apparatus, and therefore the twist the
shaft undergoes is not significantly affected by the apparatus.
By connecting the elongate member at each end to a respec-
tive collar (or other relatively short annular securing means),
the twist of the shaft over the entire length of the elongate
member may be collected.
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Preferably, the apparatus further comprises means for
determining torque, preferably wherein torque is determined
by measuring at least one of: angle of twist; strain. The strain
may for instance be measured with a strain gauge or a plural-
ity of strain gauges. The torque can be calculated with the
appropriate formulae and constants from either strain or twist
measurements.

Preferably, the apparatus comprises two longitudinal parts.
By providing two longitudinal parts, the apparatus can be
secured to the shaft by clamping the two parts to one another
with the shaft between them. This allows attachment and
removal of the apparatus. In particular no access to the end of
the shaft is required. The apparatus can be removed for ser-
vicing. Further, there is no requirement to modify the shaft for
attaching the apparatus.

Preferably, the torsional stiffness ratio between: the elon-
gate member with the weakened region; and the weakened
region only; is less than 5:1. More preferably, the torsional
stiffness ratio between: the elongate member with the weak-
ened region; and the weakened region only; is between 5:1
and 1:1. Yet more preferably, the torsional stiffness ratio
between: the elongate member with the weakened region; and
the weakened region only; is between 1.5:1 and 1:1. If the
ratio is near unity, then the strength of the elongate member
(with the weakened region) is to a large part determined by the
strength of the weakened region. If this is the case, then the
twist that is transmitted from the shaft occurs to a large part in
the weakened region, and only little deformation occurs in the
regions to either side of the weakened region. This allows
efficient concentration of the strain.

Preferably, the ratio between the length of the elongate
member and the length of the weakened region is between
100:1 and 5:1. More preferably, the ratio between the length
of'the elongate member and the length of the weakened region
is between 40:1 and 10:1. Yet more preferably, the ratio
between the length of the elongate member and the length of
the weakened region is 20:1. The length of the elongate mem-
ber determines the twist transmitted to the apparatus from a
shaft. The shorter the weakened region is, the greater the
concentration. The greater the ratio is, the greater the concen-
tration is.

Preferably, the apparatus further comprises a strain gauge,
and more preferably the weakened region has approximately
the same length as the strain gauge. This allows optimal
concentration of the strain measured by the strain gauge.

Preferably, the torsional stiffness ratio of the shaft and the
apparatus is greater than 10:1. More preferably, the torsional
stiffness ratio of the shaft and the apparatus is between 1000:1
and 10:1. Yet more preferably, the torsional stiffhess ratio of
the shaft and the apparatus is 200:1. The less stiff the appa-
ratus as a whole is compared to the shaft, the lower the
contribution of the apparatus is to the combined stiffness, and
therefore the less the apparatus affects (in effect: reduces) the
twist the shaft undergoes.

Preferably, the elongate member is in the shape of one of:
a cylinder; a rod; a plurality of rods. A cylindrical elongate
member can provide a shelter for components within the
cylinder. Other shapes are possible, such as a member with a
hollow hexagonal cross-section. A rod or a plurality of rods
may provide a lighter weight design that may be cheaper to
produce.

Preferably, the weakened region is characterised by a
groove. A groove is cheap and efficient to produce. The
groove may be rectangular, notched, necked, or otherwise
shaped. In the case of a cylindrical elongate member, the
groove is preferentially circumferential. Preferably, the
groove is on the outer surface of the elongate member. This
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enables optimal amplification. Preferably a strain gauge is
incorporated on the inner surface of the elongate member,
thus protecting the strain gauge from damage.

The weakened region may be characterised (or formed) by
amaterial that is weaker than the rest of the elongate member.
The weakened region may be a portion of the elongate mem-
ber with alower shear modulus than the surrounding material.
This provides the advantage of design freedom.

Preferably, the apparatus further comprises at least one of
the following, preferably mounted on the inner surface of the
apparatus: a battery; an electronic signal processing unit; a
data transfer telemetry unit; and a power supply unit. Prefer-
ably, these components are mounted on the inner surface of a
cylindrical elongate member. This provides protection to the
components from damage. The elongated member can also
provide containment from rotation for inner surface appara-
tus or devices.

According to a further aspect of the present invention there
is provided a method of localising the twist a shaft undergoes,
comprising securing an elongate member to a shaft, wherein
the elongate member comprising a weakened region partway
along its length. Localising the twist can be used to produce a
larger measurement signal. Measurements are subject to mea-
surement inaccuracy such as noise, and by measuring a com-
paratively larger signal, the signal to noise ratio is increased,
thus decreasing the effect of this noise, yielding more accu-
rate results.

Preferably, the member is secured to the shaft either side of
the weakened region, preferably adjacent each end of the
elongate member. By securing the ends of the elongate mem-
ber to the shaft, the twist of the shaft between the two ends is
transmitted to the elongate member. The weakened region
undergoes a greater twist than the remaining elongate mem-
ber, hence concentrating the twist in a shorter region.

Preferably, the weakness of the weakened region is adapted
in dependence on the pre-determined maximal twist the shaft
undergoes. This allows making a small modification to the
device for suitability to different load scenarios. Preferably,
the weakened region is characterised by a groove, and more
preferably the weakness is adapted by providing a deeper or
shallower groove.

Further features of the invention are characterised by the
dependent claims.

The invention extends to methods and/or apparatus sub-
stantially as herein described with reference to the accompa-
nying drawings.

Any apparatus feature as described herein may also be
provided as a method feature, and vice versa. As used herein,
means plus function features may be expressed alternatively
in terms of their corresponding structure, such as a suitably
programmed processor and associated memory.

Any feature in one aspect of the invention may be applied
to other aspects of the invention, in any appropriate combi-
nation. In particular, method aspects may be applied to appa-
ratus aspects, and vice versa. Furthermore, any, some and/or
all features in one aspect can be applied to any, some and/or
all features in any other aspect, in any appropriate combina-
tion.

It should also be appreciated that particular combinations
of'the various features described and defined in any aspects of
the invention can be implemented and/or supplied and/or
used independently.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the present invention will
become apparent from the following exemplary embodi-
ments that are described with reference to the following fig-
ures in which:
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FIG. 1 shows a mechanical shaft torque amplifier attached
to a shaft;

FIG. 2 shows an axial and longitudinal cross section of the
mechanical shaft torque amplifier attached to a shaft;

FIG. 3 shows an example of a variant groove with a differ-
ent orientation;

FIG. 4 shows examples of different reduced-stiffness sec-
tions;

FIG. 5 shows examples of different groove geometries;

FIG. 6 shows an alternative design to a cylindrical sheath;

FIG. 7 shows the shaft torque amplifier manufactured in
two halves that are fastened together onto the shaft;

FIG. 8 shows the shaft torque amplifier supplemented by
other parts;

FIG. 9 shows the mechanical shaft torque amplifier in an
example application; and

FIGS. 10 to 13 show the amplification gain for different
mechanical shaft torque amplifier configurations.

DESCRIPTION

Torsion T can be calculated from the angle of twist ¢, the
shear modulus G, the torsion constant J, and the length 1 of the
object under consideration. Torsion T can also be calculated
from the surface shear stress T, the torsion constant J, and the
surface radius R with:

The torsional rigidity is GJ, and the torsional stiffness is
(GIN).

Measurement of constant or dynamic torque on large diam-
eter solid shafts that twist by a fraction of a degree per meter
can be challenging. Employing strain gauges on a shaft of
very low twist leads to low signal to noise ratios.

For example, in the case of large industrial gas and steam
turbines where a shaft connects the turbine to the generator
the shafts are generally designed to be very stiff, for long life.
The diameter can be typically around 300 mm and the shaft
may twist in the order 0.2° per meter.

Measuring the twist/strain in such a scenario using strain
gauges gives a very low signal to noise ratio. This is because
atypical strain gauge is no more than 5 mm long which means
that the twist experienced by the strain gauge over its length
will be 0.001° (0.2*5/1000).

Furthermore, torque measuring devices for stiff shafts gen-
erally require access to the ends of the shaft and to a signifi-
cant portion of the shaft. However, often the ends of the shaft
are not accessible. Only short sections (typically 150 mm
sections) of the shaft may accessible between bearing hous-
ing and other hardware.

To satisfy the need of measuring the induced strains on a
shaft with appropriate accuracy and without disconnecting
the shaft or obstructing its movement, a shaft torque (or
strain) amplifier, with a good signal to noise ratio and an
unobtrusive attachment mechanism is required. Hence there
is a need for a mechanical shaft torque amplifier as described
herein.

The mechanical shaft torque amplifier amplifies the strain
in a relatively large, stiff shaft by concentrating the twist over
a short distance. This enables improvement of the signal to
noise ratio for shaft torque measurements.

The mechanical shaft torque amplifier can be used over any
range of torques as the mechanical shaft torque amplifier
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itself does not have to transmit the full torque (the shaft still
transmits torque). This is a major advantage as measuring
particularly large torques in the range of hundreds of Newton
meters (Nm) can be difficult with conventional devices. For
example, when measuring a torque of 500 Nm achieving a
measurement accuracy of 5 Nm is very difficult if the device
has to transmit such a large torque and resolve the torque level
to 1%.

A large proportion of the strain is collected and concen-
trated in a short region, which provides a larger strain. By
adding a coupling over the shaft that has a short, reduced-
stiffness region, the twist over the coupling length can be
concentrated over this short region. A larger twist (strain) can
therefore be experience by the instrumentation (typically a
strain gauge) fitted in reduced-stiffness region. Strain gauges
produce noise, and by measuring a comparatively larger twist
(and strain) in the reduced-stiffness region (instead of directly
on the shaft), the signal to noise ratio is increased, thus
decreasing the effect of this noise, yielding more accurate
results.

By concentrating a large twist over a short region,
improved signal to noise ratios may be achieved; in some
cases enabling torque measurements that would otherwise
not be possible. For example in torque measurements with
low twist angles, as described above in the case of the rela-
tively large, stift shafts such as are in use in large industrial
gas and steam turbines. Further, in areas of high electrical
interference a high noise level may obscure strain signals; in
this case increasing the twist over the reduced-stiffness region
is advantageous. The concept is equally applicable for torque
measurement on non-rotating components. Real time shaft
torque may be acquired during operation of the shaft.

The device is connected directly to the shaft, without modi-
fying the shaft. Hence the design and performance of the shaft
are not compromised. This is in contrast to strain amplifying
designs that introduce a weak link in the shaft where the strain
is increased.

The two ends of the device are connected to the shaft at two
axial positions. Between the two axial positions, the device
has a portion of relatively small axial extent with relatively
low torsional rigidity. This portion concentrates the twist of
the extent of the device in the relatively small axial portion. As
the twist is concentrated measurement is improved. This is in
contrast to strain measurement devices that connect an elon-
gate parallel structure to the shaft, the structure having a
uniform torsional rigidity (in particular a uniform cross-sec-
tional area) over its entire length.

Many large power generation shafts do not allow for easy
access to the shaft ends. The shaft torque amplifier can be
manufactured in two semi-cylindrical parts, each part span-
ning half the circumference of the shaft. The two parts can be
fitted to the shaft without requiring access to the ends of the
shaft. This is a further advantage.

FIG. 1 shows an isometric view of the mechanical shaft
torque amplifier and FIG. 2 shows a longitudinal and a radial
cross section of the mechanical shaft torque amplifier. The
mechanical shaft torque amplifier 100 collects the twist of the
shaft 102, over the length 110 between which the amplifier is
connected to the shaft, and concentrates the twist over a short
distance 114. The twist concentration distance 114 is of simi-
lar length as a strain gauge 112. In the twist concentration
region 114 the coupling 108 has substantially reduced tor-
sional stiffness. A circumferentially orientated groove 104 on
the inner or outer surface of the shaft torque amplifier 100
induces a twist (and thus strain) concentration in said groove.
The shaft torque amplifier 100 is connected to the shaft 102 at
either extremity 106 of the shaft torque amplifier 100. Two
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semi-cylindrical parts 116, each part spanning half the cir-
cumference of the shaft, are clamped to the shaft 102.

For example if the twist (respectively strain) is measured
with a 5 mm strain gauge directly on a relatively large, stiff
shaft that twists in the order 0.2° per meter, then a twist of
0.001° (0.2*5/1000) is experienced by the strain gauge over
its length. If however (for example) 100 mm of a shaft were
available for the mechanical shaft torque amplifier, the twist
experienced by the strain gauge would be 0.02° (0.2*100/
1000). The larger twist experienced by the strain gauge pro-
duces a greater signal and improves the signal to noise ratio.
In the described example the signal (and signal to noise ratio)
is improved by a factor of the order of 20.

The length 110 of the shaft 102 available for the torque
amplifier device 100 determines the twist experienced by the
strain gauge. With the reduced-stiffness region 104 the over-
all stiffness of the shaft torque amplifier 100 on its own is
relatively low. Therefore the contribution of the shaft torque
amplifier 100 to the (relatively large) combined stiffness of
the shaft 102 is negligible (or relatively small). This means
that the relative twist between one extremity of the shaft
torque amplifier to the other extremity is (at least in approxi-
mation) uninfluenced by the shaft torque amplifier. The
longer the length 110 is, the larger the strain collected may be,
and hence the more accurate the measurement becomes.

The aforementioned strain concentration arises from the
difference in cross section between the cylindrical coupling
108 of the shaft torque amplifier and the groove 104. The
cylindrical coupling is stiffer than the groove; thus the major-
ity of the twist the amplifier undergoes occurs in the groove
104. The twist the amplifier undergoes is induced by fastening
the amplifier to the shaft at both amplifier extremities. Thus
the twist of the shaft is transferred through the amplifier body
to the reduced-stiffness region. The twist between the ampli-
fier extremities is concentrated in a small area.

The strain on the surface of the aforementioned groove can
be measured via strain gauges with a full, half or quarter
Wheatstone bridge circuit configuration. The aforementioned
strain gauges can be arranged in a variety of orientations but
preferably in a cross formation 112. Preferably, the strain
gauges are fitted on the inner side of the device, thereby
protecting the strain gauges from the environment and avoid-
ing damage and contamination.

FIG. 3 shows an example of a variant groove with a differ-
ent orientation. Instead of the circumferential groove
orthogonal to the axis of rotation, the groove 300 is set at an
angle to the shaft torque amplifier’s axis of rotation. The
preferred angle of the groove may be parallel to the maximum
strain direction, to give maximum strain induced. Under pure
torsion the maximum strain direction angle is 45° to the shaft
torque amplifier’s axis of rotation. The groove may follow
other planar or non-planar paths along the surface of the
coupling 108; however to ensure the contribution of the shaft
torque amplifier to the stiftness of the shaft is negligible (or
relatively small), the groove preferably forms a closed circuit
on the surface.

The reduced-stiffness section of the device may be adapted
for application to a wide range of shaft torques and loading
scenarios. For example by varying the depth of the groove the
stiffness may be varied, thus changing the maximum torque
the groove can withstand (and therewith the maximum mea-
surable torque without failure of the amplifier). For example,
the groove depth may be anything from around 5% to 95% of
full thickness depending on the torque level; this level of
stiffness reduction would be sufficient to collect the torque.

An important consideration in determining the groove
depth (or stiffness reduction) is to keep the twist within the
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extension limit of the material such that no deformation
occurs. When material deformation occurs the calibration
may no longer be valid. Hence, the stiffness reduction is
evaluated under consideration of the level of twist to be expe-
rienced and the material stiffhess (yield stress). For example,
if the shaft torque amplifier is of a relatively stiff material such
as steel, a relatively small stiffness reduction (e.g. a relatively
shallow groove) is permissible; if a material with a higher
yield stress is used, such as an aluminium alloy, then a rela-
tively large stiffness reduction (e.g. a deeper groove) is per-
missible. The stress under load should remain within the
material extension limits and not exceed the yield stress.

For example, for a shaft torque amplifier of an aluminium
alloy such as Dural, with an expected load of 2 degrees of
twist per meter, for a cylindrical coupling 108 with 10 mm
thickness, a thickness reduction of 10 to 25% (1 to 2.5 mm)
may be sufficient. The thickness reduction could be larger, for
example 5 mm, but over the life of the component (about 3 to
Syears) the reduced section may fatigue and eventually crack.
Fatigue life for number of cycles to failure is another factor to
consider in determining the thickness reduction.

FIG. 4 shows examples of different reduced-stiffness
regions. Ifthe groove is on the inner surface of the shaft torque
amplifier, the strain gauges can be housed on the inside of the
shaft torque amplifier, within the groove, for protection,
thereby avoiding damage or contamination of said strain
gauges, as discussed above. Alternatively, the groove 400
may be on the outer surface of the shaft torque amplifier.

Instead of a groove, a gap 402 may completely separate the
two sides of the shaft torque amplifier (and merely strain
gauges 112 bridge the gap). Instead ofa groove or gap a series
otf'holes 404 (recessed or through) may produce a section on
the shaft torque amplifier with reduced stiffness. The holes
may however establish non-uniform strain on the section with
reduced stiffness, and require specific calibration of strain
gauges depending on their placement. With a groove of uni-
form depth the strain concentration is uniform and thus all
strain gauges can be calibrated together and the results
received simply averaged.

The effective stiffness may also be controlled by inserting
a section of different material 406 such as a weaker metal or
a polymer.

FIG. 5 shows examples of different groove geometries. The
groove of the reduced-stiffness section may be shaped as a
rectangular incision 500 as illustrated in FIGS. 1 and 2. FIG.
5 also shows alternative grooves such as a notched groove 502
and a necked groove 504.

Advantages of the circumferential groove include that it
effectively “collects” strain from a large length and concen-
trates it. The groove provides a housing for protecting the
strain gauges, in particular if the groove is on the inner surface
of the shaft torque amplifier. The groove thickness can be
adapted in dependence on the expected loading. With uniform
groove depth around the entirety of the circumference (in-
stead of recesses, for example) the strain concentration is
uniform within the groove and thus all strain gauges can be
calibrated together and the results received simply averaged.

FIG. 6 shows an alternative design to a cylindrical coupling
sheath as illustrated in FIGS. 1 and 2. A series of rods 602
replace the cylindrical sheath. Similar to the cylindrical
sheath, the rods have a groove 606 to provide a short reduced-
stiffness section where the twist is concentrated. The rods
may be mounted in collars 604 that are fastened by a fastening
means 608 (e.g. bolt and nut) onto the shaft 102. This design
provides a more lightweight and easily accessible alternative.
The strain gauges 112 may be mounted in the grooves 606 as
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before. The illustrated example shows a two rod embodiment,
but more or less bars with a variety of cross-sections are also
feasible.

Advantageously the shaft torque amplifier is manufactured
in two halves that are fastened together onto the shaft. FIG. 7
shows an example of a fastening mechanism between two
longitudinal shaft torque amplifier halves 700 and a shaft 102.
Bolts 702 run through the two halves of the shaft torque
amplifier and can be tightened to give appropriate grip. Rather
than a smooth surface (as shown in FIG. 7) along the longi-
tudinal joint of the two longitudinal shaft torque amplifier
halves 700, provisions may be provided to ensure the longi-
tudinal joint along the cylindrical sheath does not warp. For
example, dowels, pins or castellations along the joint may
assist fastening the halves together. The two halves may fur-
ther be bolted together along the length of the longitudinal
joint. Alternatively or in addition to the bolts 702, adhesives
or alternative forms of attachment could be used. The clamp-
ing surface of the shaft torque amplifier may also be designed
to fit a range of shafts of different diameter, for example with
clamping jaws that are only in partial contact with the shaft.
This would allow fitting of the same device to different shafts
with different diameters.

By attaching two halves directly to the shaft, the shaft
torque amplifier can be fitted to the shaft without requiring
access to the end of the shaft. This avoids problems associated
with attaching a torque measuring flange to the end of a shaft,
which may not be easily accessible. The shaft torque ampli-
fier can also be retrofitted to existing shafts. The shaft torque
amplifier can provide simple installation and therefore may
only require short installation time.

Further, replacement and servicing of the device and asso-
ciated strain gauges may be undertaken as the system can be
removed. This allows simple servicing and maintenance.

The shaft torque amplifier can be calibrated as a standalone
system without the shaft. The shaft itself would not require
calibration. The strain gauges can be calibrated by applying
known strains to the shaft torque amplifier, with no need for
calibration of the device for a specific shaft. The shaft torque
amplifier can be calibrated using much lower levels of torque
than experienced in the real situation, allowing calibration in
the laboratory against simple equipment. Further, calibration
for temperature changes can be carried out in the laboratory
without requiring access to the shaft. Temperature calibration
and correction may be implemented with a suitable tempera-
ture sensor such as a thermocouple.

FIG. 8 shows the shaft torque amplifier supplemented by
other parts (along with appropriate connections between the
parts). For example sensors 800, electronics 802 (e.g. for
signal conditioning or data transmission), a power supply
(e.g. a battery 804, optionally with a unit for power supply
conditioning 806), a data transfer telemetry unit (e.g. an
antenna 808) may be incorporated. By positioning the parts
on the inside of the shaft torque amplifier the parts can be
protected and the system can be made robust for an industrial
environment.

Corrections to the data read out of the strain gauges may be
applied on board the device in the course of signal condition-
ing. For example temperature correction could be performed
in dependence upon temperature calibration data and envi-
ronment data, for instance from a thermocouple.

The system may obtain power from an external source, for
example via a non-contact connection, or a contact connec-
tion. The system may also self-generate power on board the
shaft. For example, an on-board battery can be installed,
which can be charged with a non-contact transformer type
system.
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The system may include a data transfer telemetry system
such as a slip-ring or wireless system. The information
obtained from the strain gauges can either be stored on board
the shaft torque amplifier device, or transferred through a slip
ring or wireless connection to a remote analysis system.

FIG. 9 shows the mechanical shaft torque amplifier 100 in
an example application, here with a shaft connecting an
engine to an electrical generator. The shatt 102 is attached to
both a torque provider (engine or power source) 900 at one
end of the shaft; and a generator (opposing the torque) 902 at
the other end of the shaft; and in the intermediate shaft section
the shaft torque amplifier 100 measures the strain or twist and
thereby provides information that relates to the torque trans-
mitted by the shaft 102. With the torque information the
power transmitted can be determined.

The mechanical shaft torque amplifier is further suitable
for use on—for example—gear box shafts, wind turbines,
ship propeller shafts, submarine propeller shafts, gas turbine
shafts, and other similar shafts. For example, a particularly
well-suited application of the mechanical shaft torque ampli-
fier is in the measurement of torques on shafts used for elec-
trical power generation. These environments typically have a
high degree of electrical noise and in these cases the improve-
ment in signal to noise ratio is particularly valuable.

For optimisation of the dimensions of the mechanical shaft
torque amplifier the twist equation is analysed:

©GJ

T=7"_-"
! R

With torsion T, angle of twist ¢, shear modulus G, torsion
constant J, length 1 surface shear stress T, and radius R.

The torque T to which the shaft-amplifier system is subject
is characterised by the torque T, experienced by the main
shaft and the torque T, experienced by the amplifier, with
T=T,+T..

The twist ¢ to which the shaft-amplifier system is subject is
characterised by the twist ¢, experienced by the main shaft
and the twist ¢, experienced by the amplifier, with ¢=¢,=¢,.

The twist ¢, experienced by the main shaft is:

T Ly

¢ = TG,

with shear modulus of the main shaft G,, torsion constant
of the main shaft J,, and length of the shaft section with the
amplifier L;.

The twist ¢, experienced by the amplifier is:

_ DLy - Lp)
PTG

TLg
JsGr

with shear modulus of the amplifier G, torsion constant of
the thick region of the amplifier J,, torsion constant of the
weakened region of the amplifier I, and length of the of the
weakened region of the amplifier L.

With ¢,=¢, the equations are evaluated to find T, and T}:

TL
T UG

Lg
n
GaJp

(L-Lg) L
o et 1)

Ti=T-T,
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With the expressions for the torque, the nominal shear
strain in main shaft y, can be evaluated:

Try or;
UG L

Y1

with the diameter of the main shaftr,.
The shear strain y at the gauge (at the weakened region) is:

_ Nrgouge P87 gauge
TG T Ls
with the diameter at the gauge r,,, .-

The amplifier gain is the ratio between the two shear
strains:

Ys _
vi T n

T2 Feauge J1 G1

Jp Gy

with (for hollow cylinders):

1=203-r

FIG. 10 shows two different configurations for the
mechanical shaft torque amplifier. In the upper part of FIG.
10, the strain gauge 1000 is positioned at the outmost position
of the mechanical shaft torque amplifier and r,,,,..=r,. The
weakened region has a groove 1002 on the interior of the
amplifier. In the lower part of FIG. 10, the strain gauge 1004
is positioned at the innermost position of the mechanical shaft
torque amplifier and r,,,...=t,. The weakened region has a
groove 1006 on the exterior of the amplifier. On the right hand
side of FIG. 10, amplifier gains for the different configura-
tions are shown. The data is obtained from Matlab analysis of
the equations described above (circle symbols), and from
finite element analysis of the structure (star symbols). For the
evaluation the length I, groove width Lz, and the thickness
of'the weakened regiont is same (L., =0.3 m; L.z=0.01m; t ;=2
mm).

Although the (simplified) Matlab model under-predicts the
gain compared to the finite element model, the trends are
comparable and can be used to investigate the design space.

FIGS. 11 to 13 show further evaluations of design param-
eters of the mechanical shaft torque amplifier. FIG. 11 shows
the gain for the outer (left figure) and inner (right figure) shear
gauge configurations with varying amplifier length L,
(Lz=0.01 m; r=0.155 m; tz=2 mm). FIG. 12 shows the gain
for the outer (left figure) and inner (right figure) shear gauge
configurations with varying groove width Lz (I;,=0.3 m;
r,=0.155 m; tz=2 mm). FIG. 13 shows the gain for the outer
(left figure) and inner (right figure) shear gauge configura-
tions with varying thickness of the weakened region tg
(Lz=0.01 m; L.,=0.3 m; r=0.155 m).

The evaluation of the design space as described above
shows that a gain in the region of 10 can be achieved. Mount-
ing the strain gauge on the inner radius is advantageous, as
this enables greater gains to be achieved. Increasing r, is
beneficial to a point; however the torque in the amplifier
increases as r; increases and the stress levels increase corre-



US 9,329,093 B2

11

spondingly. The gain increases with overall amplifier length
L,. The gain increases as t; decreases. The gain increases as
Lz decreases.

As previously mentioned, the material of the weakened
section is important. The modulus (in particular the shear
modulus) of the material of the weakened section contributes
to the effectiveness of the amplifier. The amplifier may be
designed to take advantage of the material influencing the
weakness in the weakened region, for example as shown in
FIG. 4 on the bottom right, where the weakened region 406 is
of'a weaker material. Different ways of interfacing the difter-
ent materials may be chosen as appropriate. Other configu-
rations are possible, including for example composite mate-
rials that have a weak region or materials that have been
subjected to for example chemical or physical treatment in
order to weaken a portion.

While the invention has been described in reference to its
preferred embodiments, it is to be understood that the words
which have been used are words of description rather than
limitation and that changes may be made to the invention
without departing from its scope as defined by the appended
claims.

Each feature disclosed in the description, and (where
appropriate) the claims and drawings may be provided inde-
pendently or in any appropriate combination.

The invention claimed is:

1. An apparatus for determining torque in a shaft, the appa-
ratus comprising:

an elongate member with a weakened region partway along

its length, the region being weakened by a reduction in
thickness of the elongate member is said region, said
reduction in thickness being in the shaft radial direction;
and

a securing mechanism configured for securing the member

to the shaft either side of the weakened region, the appa-
ratus thereby able to determine torque in said shaft.

2. An apparatus according to claim 1, wherein the weak-
ened region is characterised by a groove, wherein the groove
is on the inner surface of the elongate member.

3. An apparatus according to claim 1, wherein the elongate
member is in the shape of a rod or a plurality of rods.

4. An apparatus according to claim 1, wherein the elongate
member is arranged to enclose an axial shaft portion.

5. An apparatus according to claim 2, wherein the weak-
ened region is of uniform depth around a circumference of the
elongate member.

6. An apparatus according to claim 4, wherein the elongate
member is in the shape of a cylinder.

7. An apparatus according to claim 1, further comprising a
strain gauge mounted on an inner surface of the elongate
member.

8. An apparatus according to claim 7, wherein the weak-
ened region has approximately the same length as the strain
gauge.

9. An apparatus according to claim 1, further comprising at
least one of the following: a battery; an electronic signal
processing unit; a data transfer telemetry unit; and a power
supply unit.

10. An apparatus according to claim 1, the securing mecha-
nism for securing the member to the shaft either side of the
weakened region being adjacent each end of the elongate
member.

11. An apparatus according to claim 1, wherein the secur-
ing mechanism for securing the member comprises a pair of
collars for clamping to a shaft, wherein the elongate member
is connected at each end to a respective collar.
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12. An apparatus according to claim 1, further comprising
a torque determining mechanism for determining torque,
wherein torque is determined by measuring at least one of:
angle of twist; strain.

13. An apparatus according to claim 1, wherein the tor-
sional stiffness ratio between: the elongate member with the
weakened region; and the weakened region only; is less than
5:1.

14. An apparatus according to claim 1, wherein the ratio
between the length of the elongate member and the length of
the weakened region is between 100:1 and 5:1.

15. An apparatus according to claim 1, wherein the tor-
sional stiffness ratio of the shaft and the apparatus is greater
than 10:1.

16. A method of localising the twist a shaft undergoes,
comprising:

providing an elongate member having a weakened region

partway along its, the region being weakened by a reduc-
tion in thickness of the elongate member in said region,
said reduction in thickness being in the shaft radial
direction; and

securing the elongate member to a shaft,

such that when the shaft undergoes twist, the twist is trans-

mitted to the elongate member, whereby the weakened
region of the elongate member undergoes a greater twist
than the remaining elongate member, thereby localising
the twist in the weakened region.

17. A method according to claim 16, wherein the member
is secured to the shaft either side of the weakened region,
adjacent each end of the elongate member and preferably
wherein the weakness of the weakened region is adapted in
dependence on the pre-determined maximal twist the shaft
undergoes.

18. An apparatus according to claim 1, wherein the reduc-
tion in thickness is between 5% and 95% of the thickness of
the elongate member in the shaft radial direction.

19. A method according to claim 16, wherein the elongate
member comprises a first material and a second material
having a lower shear modulus than said first material, and
wherein the weakened region of the elongate member is
formed by said second material.

20. An apparatus for determining torque in a shaft, the
apparatus comprising:

an elongate member comprising first material and a second

material having a lower shear modulus than said first
material, the elongate member having a weakened
region formed by said second material and arranged
partway along a length of the elongate member, said
weakened region being at a given radial extent from the
shaft axis; and

a securing mechanism configured for securing the member

to the shaft either side of the weakened region, the appa-
ratus thereby able to determine torque in a shaft.

21. A method of localizing the twist a shaft undergoes,
comprising:

providing an elongate member comprising a first material

and a second material having a lower shear modulus than
said first material, the elongate member having a weak-
ened region formed by said second material and
arranged partway along the length of the elongate mem-
ber, said weakened region being at a given radial extent
from the shaft axis; and

securing the elongate member to a shaft,

such that when the shaft undergoes twist, the twist is trans-

mitted to the elongate member, whereby the weakened
region of the elongate member undergoes a greater twist
than the remaining elongate member, thereby localizing
the twist in the weakened region.
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